Undoped and magnesium-doped zinc oxide thin¯lms were prepared by the sol-gel method. Results from X-ray di®raction indicated that the¯lms exhibited a hexagonal wurtzite structure and were highly oriented along the c-axis. The intensity of the (002) di®raction peak increased with increasing the Mg doping concentration. Also, Mg doping inhibited the growth of crystallite size which decreased from 46 nm to 38 nm with doping concentration. Morphological studies by atomic force microscopy (AFM) indicated the uniform thin¯lm growth and the decreasing of grain size and surface roughness with Mg doping. Optical analysis showed that the average transmittance of all lms was above 90% in the visible range and Mg doping has signi¯cantly enhanced the bandgap energy of ZnO. Two Raman modes assigned to E 2L and E 2H for the ZnO wurtzite structure were observed for all¯lms. UV emission peak and three defect emission peaks in the visible region were observed by photoluminescence measurements at room temperature. The intensity ratio of UV emission to the visible emission increased with the Mg concentration. Photocurrent measurements revealed that all¯lms presented the photoresponses with n-type semiconducting behavior and their ** Corresponding author.
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Introduction
Recently, ZnO as an n-type semiconductor, with a high exciton binding energy (60 meV) and a wide bandgap (3.37 eV), 1 has attracted great attention due to its potential applications in di®erent electronic and optoelectronic¯elds such as ultraviolet (UV) photodetectors, light-emitting diodes (LEDs), laser diodes (LDs), transparent conducting electrodes, catalysts and gas sensors. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] So, it is required that ZnO must possess improved electrical and optical properties for such applications. Doping of ZnO with group-II elements such as Mg will enhance its electrical and optical properties. [13] [14] [15] [16] In addition, the incorporation of Mg 2þ ion into zinc oxide lattice is easily feasible, due to similar ionic radii of Zn 2þ (0.06 nm) and Mg 2þ (0.057 nm). 12, 13 This improves the crystallinity of ZnO without changing the wurtzite structure. 6, 7, 13, 17, 18 Furthermore, the properties of these nanostructures are dependent on surface morphology, particle size, orientation, crystalline structure and concentrations of intrinsic and extrinsic defects, which can be modi¯ed by Mg doping. For more improvement of electrical and optical properties, the ZnMgO¯lms doped with other elements like Na and Al have been extensively studied, 3, 19 for solar cell applications. Various deposition techniques have been used to prepare Mg-doped ZnO thin¯lms, such as RF sputtering, molecular beam epitaxy (MBE), spray pyrolysis, hydrothermal and sol-gel technique. 3, [7] [8] [9] [13] [14] [15] [16] [19] [20] [21] [22] Among these techniques, sol-gel method has a distinct advantage: simple, economic and easy to perform doping incorporation. The¯lms with preferential c-axis orientation of zinc oxide can be easily obtained by the sol-gel process, where a good c-axis-oriented crystalline structure is desirable for di®erent applications such as piezoelectric devices.
In recent years, zinc oxide nanostructures doped with magnesium have been extensively studied. Huang et al.
14 investigated the structural and optical properties of Mg-doped ZnO thin¯lms deposited by sol-gel method. They reported that a secondary phase of MgO is evolved for the thin¯lm with Mg:Zn ¼ 0:08, and the root mean square (RMS) roughness, the optical bandgap and the resistivity of the ZnO thin¯lms increase with increasing Mg concentration. Arshad et al. 23 synthesized the Mg-doped ZnO nanoparticles by a wet chemical route. They reported that the Mg doping inhibited the growth of particle size, increased the optical gap and enhanced the visible photoluminescence (PL) emission. In their study on the in°uence of Mg doping on the properties of ZnO¯lms prepared by sputtering, Karthick and Vijayalakshmi 15 demonstrated that the blueshift in the PL emission for Mg:ZnO¯lm might be the reason of the modulation of bandgap with suppression of defect center by Mg addition. They also reported that a signi¯cant change in surface morphology of thē lms was observed with Mg doping. In addition, Madahi et al. 24 reported that ZnO:Mg thin¯lms showed excellent antibacterial activity, which was enhanced by doping with Mg. Besides, Chebil et al. 10 reported in their work on Mg-doped ZnO prepared by sol-gel that the preferential orientation along the c-axis disappeared in ZnMgO thin¯lms, and the crystallite size, the optical bandgap and the surface roughness increased by Mg doping. Also, Mia et al. 25 demonstrated in their work on Mg-doped ZnO thin lm of 200 nm thickness which was fabricated by solgel spin coating method, that the sharp absorption edge exhibited blueshifts and the crystallite size increased with the increase of Mg content. Similar results were reported by Rouchdi et al., 26 Yu et al. and Chen et al. in their interesting studies [27] [28] [29] reported that the reduced graphene oxide/WS2/Mgdoped ZnO composites and graphene oxide/Mgdoped ZnO nanohybrid have outstanding photocatalytic and anti-bacterial activities.
Various issues show that the physical properties of ZnO thin¯lms are in°uenced by deposition technique and their growth conditions. For example, in sol-gel technique, the solubility of the elements, morphology, grain size, structural and the optical properties of thin¯lms are in°uenced by the precursors and their initial concentrations, nature of the alcoholic solvent, stabilizer and their concentrations, temperature and time of the heat treatment, substrates and speeds. After adjusting these parameters, high-quality undoped and Mg-doped ZnO thin¯lms were successfully deposited on glass substrates by the sol-gel method and a spin coating technique. The e®ect of doping with Mg on the structure, surface morphologies, optical and photoelectrochemical properties of the thin¯lms was investigated, and the obtained results of all thin¯lms were compared with other experimental ones. Finally, we suggested a view depicting the energy band diagram and the origin of di®erent emission peaks in the UV and visible regions. The change in optical properties was discussed from the point of view of the structural change of thin¯lms and concentration defects induced by magnesium doping.
Experimental Details
Mg-doped ZnO thin¯lms were prepared on glass substrates, using sol-gel spin coating technique. Figure 1 shows the°owchart of sol-gel process for preparing Mg-doped ZnO thin¯lms. Magnesium chloride hexahydrate (MgCl 2 Á 6H 2 O; 0, 1, 3, 5 and 7 mol.%), zinc acetate dihydrate (Zn(CH 3 COO) 2 Á 2H 2 O) with 0.6 mol/L for undoped ZnO, isopropanol and monoethanolamine (MEA) were used as the precursors, solvent and stabilizer, respectively. The solutions underwent a stirring at 55 C for 2 h to make them homogeneous and clear, followed by aging at room temperature for 24 h. The resulting solutions were deposited at 2500 rpm for 30 s. After each coating, the¯lms were preheated at 250 C for 10 min. Finally, these¯lms were annealed at 500 C for 1 h.
Structural and morphological properties of thē lms were analyzed using X-ray di®raction (XRD) with Cu-K line ( ¼ 0:154 nm) and atomic force microscopy (AFM) with tapping mode. The optical properties were obtained by transmission spectra [ultraviolet-visible (UV-vis) in 350-800 nm region], photoluminescence spectroscopy (using a 325 nm xenon lamp as excitation source) and Raman spectra (with 514 nm excitation laser). The photocurrent measurements were performed in an electrochemical cell using a UV light of 365 nm. The e®ect of Mg doping on the crystal structure and preferred orientations of the obtained¯lms was analyzed by the XRD technique. XRD patterns of ZnŌ lms with Mg doping concentrations of 0, 1, 3, 5 and 7 mol.% are shown in Fig. 2 . All the¯lms exhibited a good crystallinity with a strong peak, which corresponded to the (002) plane of the wurtzite structure of ZnO (JCPDS¯le No. 36-1451), indicating the high c-axis growth-preferred orientation of ZnO grains perpendicular to the substrate. 24 The inset (a) of Fig. 2 shows the variations of position and intensity of the (002) di®raction. It can be seen that the intensity of the (002) peak of ZnO is enhanced signi¯cantly with increasing the Mg dopant concentration, which con¯rmed the improvement of the crystalline quality and the reduction of defects in the crystal structure. The di®raction peak was shifted towards higher diffraction angles as Mg dopant concentration was increased, which was due to the fact that the Mg 2þ ions with smaller radius replaced the Zn 2þ ions with larger radius. Replacement of Mg in the Zn site reduces the interplanar spacing d ð002Þ [see inset (b) of Fig. 2] , which induces this type of angle shift. 12, 13, 15, 30 In addition, no peak corresponding to the secondary phase is observed, which con¯rms that the Mg 2þ is well incorporated into the ZnO host lattice. The crystallite size was calculated from the (002) peak of ZnO:Mg¯lms for di®erent Mg concentrations using the Debye-Scherrer formula 15 : D ¼ K= cos , where D is the crystallite size, is the X-ray wavelength, K is a constant of 0.9, is the di®raction angle and is the full-width at half-maximum. As seen from the inset (b) of Fig. 2 , the crystallite size of Mg-doped ZnO thin¯lms slightly decreased with increasing the Mg concentrations, where the presence of Mg ions prevented the growth of crystallite. Similar results were reported by Arshad et al. 23 Also, an atomic force microscope was used to study and measure the surface roughness and average grain size of the¯lms of 1 Â 1 m 2 area by tapping mode. AFM (2D and 3D) images of the surface morphologies of lms are shown in Fig. 3 . The surface morphology was found to be in°uenced by the incorporation of Mg. Small grains in the¯lm were observed and their size gradually became smaller when the Mg ratio increased. Thus, the Mg atoms would increase the density of nuclei and prevent grain growth which in turn decreases the grain size. Moreover, similar trend has been observed for XRD results. As listed under AFM images, the root mean square roughness decreased when the Mg content increased, which was possibly related to the decrease of the average grain size by incorporation of the Mg dopant.
Optical properties of Mg-doped ZnO thin¯lms
Ultraviolet-visible, Raman and PL spectroscopies are powerful methods for studying the optical properties and luminescence of ZnO thin¯lms. The transmittance spectra of thin¯lms are shown in Fig. 4 . All¯lms have an average transmittance above 90% in the visible region and present sharp ultraviolet absorption edges in the UV region. Furthermore, a blueshift of the absorption edges can be observed with increasing Mg doping. To evaluate the bandgap energy (E g Þ from the optical absorption spectra, (hÞ ¼ Aðh À E g Þ n relationship 14 is employed, where is the absorption coe±cient, A is a constant, h is the photoenergy, E g is the optical bandgap and n is taken as 1/2 for direct bandgap semiconductors. The bandgap is then evaluated by extrapolating the linear region of (hÞ 2 versus the photon energy. It can be seen from Fig. 5 that the optical bandgap energy increases from 3.26 eV to 3.33 eV with increasing the Mg concentration, which con¯rms that 14 and Yusuf et al. 16 The blueshift of the absorption edge and the increase in optical bandgap with the Mg concentration, in particular the great shift for 7 mol.% Mg-doped ZnO sample, may be due to the improvement of the crystalline quality and decreasing of the crystallite size by Mg doping, or due to the higher bandgap of MgO. 12, 26 Other research groups 25, 29 reported that absorption edge shifting and the blueshift of ultraviolet emission peak can be attributed to the Burstein-Moss e®ect. 
Studies on Properties of Sol-Gel Mg-Doped ZnO Thin Films
1850167-5 Figure 6 shows the PL spectra at room temperature of the Mg-doped ZnO thin¯lms for various Mg concentrations. The PL emission spectra for all the samples were measured in the wavelength range of 350-550 nm. Generally, the PL of ZnO exhibited one emission peak in the UV region attributed to exciton recombination and more emission peaks in the visible region. The latter is due to donor defect states such as Zn interstitials (Zn i Þ, oxygen vacancies (V O Þ, acceptor defect states such as zinc vacancies (V Zn Þ and oxygen interstitials (O i Þ. 30 The intensity ratio of UV peak to visible peak is mainly in°uenced by the crystal quality of the¯lms as the density of defects in¯lms decreases with an enhancement of the crystallinity. All our¯lms exhibited a UV emission in the range of 385-388 nm corresponding to the near-band edge transition (NBE) of ZnO 14, 19 and three other visible emission peaks observed at 440, 479 and 522 nm, which corresponded to the blue and green emissions. Xu et al. 31, 32 calculated various defect state positions of ZnO thin¯lms, and reported that the green emission was attributed to O i and O Zn defects, while the blue emission was assigned to Zn i . The blue emission peak observed at about 440 nm can be ascribed to the transition energy of an electron from Zn i to the valence band 33, 34 and the other blue emission, which is around 479 nm, may result from the transition between the ionized oxygen vacancies and the valence band. 34, 35 The green emission peak at 522 nm can be assigned to the transition energy from the conduction band to the O Zn level. [32] [33] [34] [35] [36] Wang et al. 37 reported that the blue emission peak at 445 nm, the broad emission band centered at 470 nm and the green region around 510 nm are due to the emissions of interstitial zinc, singly-ionized oxygen vacancies and oxygen vacancies, respectively. Mahamuni et al. 38 reported that the blue-green emission may result from the electron transition from the oxygen vacancies to the interstitial oxygen. In our study, we also noted that the emission intensity ratio of UV to visible (I UV =I vis Þ increases in relation to Mg concentration, which is attributed to decreasing the defects concentration and improving crystal quality.
The wurtzite structure ZnO possesses six Ramanactive optical phonons, 34 namely
. E 2L (low) and E 2H (high) modes were assigned to the vibrations of zinc sublattice and oxygen atoms, respectively. The room-temperature Raman spectra of undoped and Mg-doped ZnO thin lms are shown in Fig. 7 . Two Raman modes were observed at 99 cm À1 and 437 cm À1 , respectively. These modes were assigned to E 2L and E 2H modes, respectively, for the ZnO wurtzite structure. 4, 34 The presence of E 2L and E 2H and the absence of any optical modes of other phases prove a good crystalline quality of the¯lms. We concluded that the structural and optical properties of ZnO thin¯lms were successfully improved by Mg doping. 
UV photodetection and photocurrent studies
Figure 8(a) shows the photoresponses of the ZnO:Mg thin¯lms obtained by a chronoamperometric method under intermittent illumination with a 365 nm wavelength light. The photocurrent curve has an almost rectangular response under light illumination with a signi¯cant increase of current. This is due to the increase of electrical conductivity of semiconductor material, by generating of electron-hole pair, when light with energy greater than the bandgap energy is absorbed. 39 The results of photocurrent measurements versus the applied potential are shown in Fig. 8(b) . Undoped ZnO thin¯lms illuminated by a UV light source showed a pronounced photocurrent starting from 0.16 A at 0.2 V and increased to reach 0.52 A at 1.0 V, whereas Mg-doped ZnO thin¯lms exhibited a signi¯cant decrease in photoresponse as the doping concentration increased as shown in Figs. 8(a) and 8(b) . The n-type conduction of ZnO is due to the oxygen vacancy and/or interstitial zinc defects. Therefore, the decrease in photocurrent can be explained by the decrease of these donor defects and electron density caused by Mg doping. 17, 18 
Conclusions
Undoped and Mg-doped ZnO thin¯lms were prepared using a sol-gel spin coating method. XRD patterns revealed that all¯lms showed a high c-axis orientation, along the (002) plane, and the intensity of the (002) di®raction peak increased when the Mg doping concentration was increased, with a maximum crystallite size of about 46 nm for undoped¯lms. AFM studies revealed that the grain size and the surface roughness were reduced due to the incorporation of Mg. Optical analysis exhibit that the transmittance of thin¯lms is above 90% in the visible region, and the Mg doping signi¯cantly enhances the bandgap energy of ZnO. Photoluminescence of the¯lms showed ultraviolet and visible emissions, and the intensity ratio of UV emission to the visible emission increased with increasing the Mg concentration. Two Raman modes assigned to E 2L and E 2H of the ZnO wurtzite structure were observed for all samples. All¯lms presented photoresponses and a signi¯cant decrease in photocurrent was observed with increasing Mg doping. 
